We report the superconducting properties of the KxWO3 tetragonal tungsten bronze. The highest superconducting transition temperature (Tc = 2.1 K) was obtained for K0.38WO3. Tc decreases linearly with increasing K content. Using the measured values for the upper critical field Hc2, and the specific heat C, we estimate the orbital critical field Hc2(0), coherence length ξ(0), Debye temperature ΘD and coupling constant λep. The magnitude of the specific heat jump at Tc suggests that the KxWO3 tetragonal tungsten bronze is a weakly-coupled superconductor. The superconducting phase diagram of the doped tungsten bronze family is presented.
I. INTRODUCTION
The M x WO 3 tungsten bronzes, where M is an ion that donates electrons to the WO 3 framework, show a wide range of interesting physical properties and several distinct crystal structures. Many studies have been performed on the superconductivity in this family since its initial discovery.
1 Tungsten bronzes share features with other oxide superconducting systems, such as having a relatively low density of electronic states at the Fermi Energy and T c s that are highest close to a structural phase boundary. The superconducting M x WO 3 tungsten bronzes are non-stoichiometric compounds that can have hexagonal bronze (i.e. HTB), tetragonal bronze (TTB-I), or perovskite-derived tetragonal (TTB-II) and cubic (CTB) structures.
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Although the superconducting HTBs in particular have been well studied, a detailed investigation of the superconducting properties of the tetragonal tungsten bronze (TTB-I) system is lacking up to the present time. Superconductivity in TTB-I bronzes has been reported for Na x WO 3 0.2 < x(N a) < 0.5, K x WO 3 0.4 < x(K) < 0.57 and Ba 0.13 WO 3 , 2,5,13 but contradicting this, TTB-I K 0.58 WO 3 has recently been reported as a semiconductor. 23 Here we report a detailed study on the superconducting K x WO 3 tetragonal tungsten bronze TTB-I phase. The experimental characterization is supplemented by electronic structure calculations. Finally, we present a phase diagram for superconductivity across the full HTB, TTB-I, and CTB tungsten bronze family.
II. EXPERIMENT AND CALCULATION
The K x WO 3 samples were prepared by solid state reaction method starting from pre-made K 2 WO 4 , purified WO 2 (99.8%; Alfa Aesar) and WO 3 (99.8%; Alfa Aesar) according to the following reaction:
The K 2 WO 4 precursor was prepared by reacting stoichiometric amounts of K 2 CO 3 and WO 3 in air at 650 0 C for 12 hrs. Stoichiometric amounts of materials according to equation 1 were mixed and pressed into pellets inside an Ar-filled glove box. The pellets were transferred into alumina crucibles and sealed inside evacuated quartz glass tubes that were heated at 650 0 C and 800 0 C for two nights with intermediate grinding. The reacted samples were kept inside the glove box. (Such handling is necessary to avoid the decomposition that possibly results in the observation of semiconducting behavior.) The purity and cell parameters of the samples were evaluated by powder X-ray diffraction (PXRD) data at room temperature on a Bruker D8 FOCUS diffractometer (Cu K α ). Lattice parameters were refined by the Rietveld method 32 using the FULLPROF program integrated in the WINPLOTR software.
31 Elemental analysis performed using energy dispersive spectroscopy (EDS) showed that the potassium contents in the samples are very close to the nominal values; therefore the nominal potassium stoichiometries are used in this report.
The electrical resistivity was measured using a standard four-probe dc-technique with an excitation current of 10 mA; small diameter Pt wires were attached to the sample using silver paste. Data were collected from 0.4 K to 300 K in zero-field and also in magnetic fields up to 1 T using a Quantum Design Physical Property Measurement System (QD-PPMS) equipped with a 3 He cryostat. The specific heat was measured between 0.4 K and 20 K under fields of µ 0 H = 0 T and 1 T in the PPMS using the timerelaxation method. The electronic structure calculations were performed by density functional theory (DFT) using the WIEN2K code with a full-potential linearized augmented plane-wave and local orbitals [FP-LAPW + lo] basis [35] [36] [37] [38] Fig. 1 shows the structural analysis of the materials by PXRD. Samples from x = 0.40 to x = 0.50 are purely the tetragonal-I phase (P4/mbm, space group number 127) without any impurities. The x = 0.38 sample shows a small amount of HTB impurity (asterisk marks in Fig. 1(a) ). A linear variation of lattice parameters with composition can be observed in Fig. 1(b) . This behavior is a good indicator that the TTB-I series is successfully formed in this composition range. The x = 0.38 sample falls very well on the trend, and also on the trend of the linear variation of T c with potassium doping (see inset of Fig. 2(b) ). These observations, in addition to the presence of the small amount of impurity phase in the PXRD pattern indicates that x = 0.38 is very close to the HTB-TTB phase boundary. The crystal structure of the K x WO 3 tetragonal tungsten bronze is shown in Fig. 1(c) .
III. RESULTS AND DISCUSSION
WO 3 itself is a semiconductor with a band gap of approximately 2.5 eV. 43 For the tungsten bronzes, alkali metals such as K or Na in the tunnels donate one electron per ion to the WO 3 framework, inducing metallic behavior and superconductivity in the framework at a sufficient electron doping level. Fig. 2 shows the electrical resistivity data for the K x WO 3 TTB-I phase in the range of 0.38 ≤ x ≤ 0.50. Fig. 2(a) shows the normalized resistivity from 300 K to 0.4 K. The normal state resistance behavior of the TTB-I system is quite different from that of the HTB system, which shows anomalous peaks in R(T) and semiconducting behavior in some composition ranges. 4, 14 The present system is a bad metal, showing an almost temperature independent resistance in the normal state for most compositions of the TTB-I phase, with a residual resistivity ratio (RRR = R300K R2K ) that decreases with increasing K doping. This may indicate that the disordered K in the tunnels (which would be filled for K 0.60 WO 3 ) has a stronger influence on the resistivity at higher electron doping levels.
The temperature dependence of the resistivites for the x = 0.40 and x = 0.42 samples between 2 K and 50 K are shown in the inset for Fig. 2(a) . The behavior is metallic dρ dT > 0 . The normal-state resistivity is fairly low (about 1 mΩ · cm at room temperature) and the residual resistivity ratio (RRR = 1.7) is small. The low-temperature resistivity data can be described by the power law, ρ = ρ 0 + AT n with n = 2, the residual resistivity ρ 0 = 0.27 mΩ cm, and the coefficient A = 0.00001 µΩ cm/K 2 . The Fermi-liquid fits are shown as solid lines in the inset to Fig. 2(a) . The value of ρ 0 is small, an indication of the good quality of the polycrystalline samples employed for the measurements. The value of A is often taken as a measure of the degree of electron correlations; the value found here suggests that K x WO 3 is a weakly correlated electron system and the variation of the low temperature resistivity with T 2 indicates Fermi-liquid behavior.
34 Fig. 2(b) shows the superconducting transition for all the K-doped TTB-I bronze samples. The quality of the superconducting transition is high -the 10 % to 90 % width for all the samples is smaller than 0.2 K. The raw data clearly show that the superconducting T c decreases with increasing electron doping (i.e. increasing K content) of the TTB-I phase. The behavior of T c with doping is extracted from these data and is presented in the inset of Fig. 2(b) . Fig. 3 shows an analysis of the magnetoresistance data for the x = 0.40 sample. The width of the superconducting transition increases slightly with increasing magnetic field. Selecting the 50% normal resistivity point as the transition temperature, we estimate the orbital upper critical field, µ 0 H c2 (0), from the Werthamer-Helfand-Hohenberg (WHH) expression, find for the K x WO 3 TTB-I superconductor is lower than that reported for the HTB and CTB systems (see Table. I), with the exception of the Rb doped HTB, 24 which shows similar values of H c2 (0). The upper critical field value µ 0 H c2 (0) of the K 0.40 WO 3 TTB-I superconductor can be used to estimate the Ginzburg-Landau coherence length ξ(0) = Φ 0 /2πH c2 (0) = 485Å, where Φ 0 = hc 2e is the magnetic flux quantum. 40, 41 This value is comparable to that for the Rb doped HTB and larger than that for the F doped CTB.
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Fig . 4 shows the characterization of the superconducting transition by specific heat measurements. Fig. 4(a) shows C T as a function of T , which shows the specific heat jump at the thermodynamic transition. This jump is completely suppressed under 1 T applied magnetic field. The superconducting transition temperature T c (x = 0.40) = 1.5 K is shown in the inset of Fig. 4(b) , as extracted by the standard equal area construction method. The ratio ∆C γTc can be used to measure the strength of the electron-phonon coupling. 42 The low temperature normal state specific heat can be well fitted with C T = γ + βT 2 , where γT represents the electronic contribution and βT 3 represents the lattice contribution to the specific heat. The solid line in Fig. 4(b) shows the fitting; the electronic specific heat coefficient The value of γ obtained is relatively small, but is slightly higher than that of the cubic tungsten bronze superconductor at approximately the same degree of electron doping. 15, 44 The low value of γ is an indication of a low density of states near the Fermi level, which is a characteristic of the superconducting tungsten bronze family (see Table. I). The specific heat jumps In a simple Debye model for the phonon contribution to the specific heat, the β coefficient is related to the Debye temperature Θ D through β = N 
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the heat capacity, due to the rattling of the dopant ion in its cavity. The measurements give only the sum of the framework Debye and dopant ion Einstein contributions. 45 An estimation of the strength of the electron-phonon coupling can be derived from the McMillan formula. McMillans model contains the dimensionless electronphonon coupling constant λ ep , which, in the Eliashberg theory, is related to the phonon spectrum and the density of states. This parameter λ ep represents the attractive interaction, while the second parameter µ * accounts for the screened Coulomb repulsion.
Using the Debye temperature Θ D , critical temperature T c , and assuming µ * = 0.15, the electron-phonon coupling constant (λ ep ) obtained for K 0.40 WO 3 is 0.52, which suggests weak-coupling behavior. This agrees well with ∆C γTc = 1.03. The value of γ extracted from the measured specific heat data corresponds to an electronic density of states at the Fermi energy N (E F ) of 0.27 states/(eV f.u.) (f.u. = formula unit), as estimated from the relation
Assuming that the diamagnetic and vanVleck contributions to the magnetic susceptibility are small, susceptibility at 10 K (χ = 1.2 × 10 = 0.6, which is small but close to the free electron value of 1. Also, the coefficient of the quadratic resistivity term can be normalized with the effective mass term from the heat capacity, which gives SC SC Semi Cond. 
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Fig . 5 shows the analysis of the electronic density of states for the potassium doped tetragonal tungsten bronze. Fig. 5(a) shows the band structure in the vicinity of E F , and (b) shows the total DOS, of K 0.6 WO 3 as a function of energy. A similar calculation was done on tetragonal WO 3 without potassium, suggesting that the rigid band model works well for K doped TTB-I. The dotted lines in Fig. 5(a and b) represent the Fermi level for x = 0.4 doping level, which was found by integrating the DOS. The band structure calculation clearly shows that near x = 0.35 the Fermi level transitions through a van Hove singularity (vHs) followed by a flat band between the Γ and Z points. This anomalous electronic structure is found close to the change from hexagonal to tetragonal structural phases in the K x WO 3 system. Although it is generally expected that a vHs has a significant influence only on superconductivity in 2D electronic systems [52] [53] [54] [55] the highest T c observed at x = 0.38 in the doped TTB-I phase appears to be well correlated with the vHs present in the band structure. Fig. 5(b) shows the potassium doping effect, i.e. of increased electronic concentration, on the insulating WO 3 system. The Fermi level (E F ) is shifted upward, 16, 19 into the bottom of the conduction band. This leads to the metallic behavior of the K x WO 3 TTB-I phase up to the highest possible K doping level
The superconducting parameters for representative HTB, TTB-I and CTB doped tungsten bronzes are presented in Table. I. Our determined values for the TTB-I phase are employed. The phase diagrams for all the characteristic structure types in the superconducting tungsten bronze family are shown in Fig. 6 . The diagram shows that the superconducting T c s generally decrease with increasing electron doping of the WO 3 framework. It also shows that the superconducting transition temperatures are highest at the lowest doping levels for both the HTB and TTB-I systems; the well-known anomaly in the HTB system near x = 0.25 is displayed. 4, 5, 14 Finally, it is seen that at comparable doping levels, the perovskitebased CTB is a significantly worse superconductor than the TTB-I bronze phase. This is one of the few systems known where a direct comparison of perovskite-based and non-perovskite-based structure superconductors is possible at the same electron count; in this case the perovskite is the worse superconductor.
IV. CONCLUSION
We have synthesized and characterized the superconducting properties of the K-doped tungsten bronze with the tetragonal-I structure type. A bulk superconducting transition for the TTB-I phase is confirmed through resistivity and heat capacity measurements of K x WO 3 . The highest T c observed is 2.1 K. The electronic contribution to the specific heat is relatively small, γ = 4.15 mJ mol K 2 and the electron-phonon coupling constant λ ep = 0.52. The electronic density of states calculations indicate that close to the HTB-TTB structural phase boundary, the Fermi Level in the TTB-I phase transitions through a van Hove singularity at x = 0.35; the highest T c in the tetragonal-I system is at a correspondingly low doping level. Finally, with this characterization of the TTB-I superconductor, it is now possible to present a complete superconducting phase diagram for the tungsten bronze family. The highest superconducting T c is observed in general at the lowest electron doping level for the WO 3 framework, and also at the lowest doping level for the HTB and TTB-I superconductors individually; it is almost independent of doping for the CTB. The cubic bronze phase is less favored for superconductivity than the tetragonal bronze phase, where the connectivity of the WO 6 octahedra is different from what is seen in the perovskite. The data provided suggest that a global theoretical treatment of all the compounds in this family of superconductors would be of interest.
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